Ceruloplasmin (Cp) is a multifunctional, copper-containing glycoprotein produced by the liver and secreted into the plasma. As an acute-phase protein, its plasma concentration increases up to twofold during multiple inflammatory conditions. Plasma Cp has been reported to be an independent risk factor for cardiovascular disease, including atherosclerosis, carotid restenosis after endarterectomy, and myocardial infarction (24, 36) . Several laboratories have shown that Cp copper can cause oxidative modification of low density lipoprotein, and this activity may contribute to a direct role of Cp in the pathogenesis of atherosclerosis (7, 26, 39) . Cp also has a ferroxidase activity thought to be necessary for optimal loading of iron into transferrin (27) . The important physiological role for Cp in iron homeostasis has been convincingly demonstrated by finding iron overload in humans with hereditary Cp deficiency (40) and in mice with targeted Cp gene disruption (9) .
In addition to its synthesis by hepatic cells, Cp is synthesized and secreted by activated monocyte/macrophages. Treatment of human monocytic U937 cells or peripheral blood monocytes with gamma interferon (IFN-␥) induces the expression of both Cp mRNA and protein (19) . Our laboratory has shown that induced expression of Cp by IFN-␥ is subject to a unique transcript-selective translational silencing mechanism in which synthesis is terminated after about 16 h, even in the presence of abundant Cp mRNA (18) . Our results suggest the presence of a cytosolic inhibitor, since lysates from U937 cells treated with IFN-␥ for 24 h (but not for 8 h) inhibited in vitro translation of Cp in a reticulocyte lysate. The inhibition was accompanied by the binding of a trans-acting factor to the 247-nucleotide (nt), Cp 3Ј untranslated region (3Ј-UTR), as shown by an RNA electrophoretic mobility shift assay (EMSA) using radiolabeled Cp 3Ј-UTR as probe and by an in vitro translation assay in which unlabeled Cp 3Ј-UTR, added in excess as a decoy, overcame the inhibition by cytosolic extracts (18) .
There are multiple examples of translational regulation directed by proteins interacting with the 3Ј-UTR (see references 32 and 34 for review). The mechanism by which 3Ј-UTRbinding proteins inhibit translation-initiation at the distant 5Ј-UTR is incompletely understood, but studies showing that mRNA may form a closed loop by 5Ј-to-3Ј interactions may provide an important clue (10) . This "circular" model has been helpful in understanding 3Ј-UTR-mediated translational silencing of Cp by IFN-␥ (21) . The mechanism of translational silencing was investigated by in vitro translation of a heterologous reporter transcript consisting of the luciferase (Luc) open reading frame (ORF) ahead of the full-length Cp 3Ј-UTR and a 30-nt poly(A) tail. Removal or inactivation of any of the components of transcript circularization, i.e., the poly(A) tail, eukaryotic initiation factor 4G, or poly(A)-binding protein (PABP), prevented the translational silencing activity (21) . These results have led us to propose a mechanism of translational control in which interactions of the termini carry a 3Ј-interacting inhibitor protein (or complex) into the vicinity of the translation-initiation site where it can silence translation, possibly by binding to or interfering with an initiation factor or ribosomal protein (20, 21) .
Transcript-selective translational control generally is directed by a specific cis element characterized by a requirement for specific structural features as well as for invariant sequences. In our previous study, a limited deletion analysis of the Cp 3Ј-UTR showed that the binding site of the translational inhibitor was present in overlapping UTR fragments 51-247 and 1-150 [where position 1 is the first nucleotide after the stop codon and 247 is the last nucleotide before the poly(A) tail in the short form of the Cp 3Ј-UTR] (18). This result suggested that the required element was contained in the UTR region 51-150 common to both fragments. Computational folding of the full-length Cp 3Ј-UTR indicates that the element is located within an elongated structure comprising multiple stems and loops (see Fig. 1A ). We here describe a detailed analysis of the Cp 3Ј-UTR and provide evidence for a novel structural element that mediates the inhibition of Cp translation in IFN-␥-activated monocytic cells. 150 , 71 to 150, 81 to 150, 51 to 140, 51 to 130, 51 to 120, 51 to 110, 51 to 100, and  71 to 110 were similarly prepared. RNA transcripts smaller than 30 nt were prepared by oligonucleotide-directed transcription. Oligonucleotides complementary to the desired sequence were synthesized with a complementary T7 promoter sequence at the 3Ј end and were annealed to an oligonucleotide containing the T7 promoter sequence in TES buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.1 M NaCl). Annealed, partially double-stranded templates were used for in vitro transcription using T7 RNA polymerase (MegaShortScript). Unincorporated nucleotides were removed using Micro Bio-spin P-30 columns (Bio-Rad). Transcripts were purified by phenol-chloroform extraction followed by ethanol precipitation.
RNA EMSA. [␣-32 P]UTP-labeled Cp 3Ј-UTR (20 fmol) was incubated for 30 min at 4°C with U937 cell extract (4 g of protein) in 20 l of reaction buffer containing 12 mM HEPES (pH 8.0), 15 mM KCl, 0.25 mM dithiothreitol, 5 mM MgCl 2 , 0.1 mM PMSF, 200 mg of yeast tRNA/ml, 40 U of RNasin, and 10% glycerol. In competition experiments, unlabeled Cp 3Ј-UTR segments, at a 10-fold molar excess, were added to the extract 10 min before addition of radiolabeled probe. RNA-protein complexes were resolved by native gel electrophoresis (5% polyacrylamide in 0.5ϫ Tris-buffered EDTA) at 4°C. The gel was dried, and the shifted probe was visualized by autoradiography.
Preparation of Luc-Cp 3-UTR cRNA constructs. A chimeric cRNA construct containing the Luc ORF (plus 48 nt of its proximal 3Ј-UTR and a 7-nt spacer) upstream of the full-length, 247-nt Cp 3Ј-UTR followed by a poly(A) tail [PSP64-Luc-Cp 3Ј-UTR-poly(A)] was prepared as described previously (21) . Three related constructs with shorter fragments of the Cp 3Ј-UTR were prepared following excision of the Cp 3Ј-UTR by digestion with StuI and SacI. A synthetic, 29-nt fragment (nt 78 to 106) was inserted into the same restriction site to generate PSP64-Luc-Cp 3Ј-UTR (78-106) -poly(A). Likewise, a construct was prepared from the same 29-nt fragment containing a point mutation (U87C) to generate PSP64-Luc-Cp 3Ј-UTR (78-106;U87C) -poly(A). A third construct not containing any part of the Cp 3Ј-UTR was prepared by ligation of the two ends after Klenow fill-in without an insert [PSP64-Luc-poly(A)].
The PSP64 cRNA constructs were linearized using PvuII and subjected to in vitro transcription with Sp6 polymerase (MegaScript kit; Ambion). The cRNA transcripts were capped by the addition of the cap analog m 7 G(5Ј)ppp(5Ј)G and GTP in the ratio of 4:1 (Message Machine; Ambion). Capped T7 gene 10 cRNA was made by in vitro transcription of pGEMEX-2 with T7 RNA polymerase (Message Machine). Full-length cRNA transcripts were purified by electrophoresis on a 5% acrylamide gel containing 8 M urea.
In vitro translation of cRNA by reticulocyte lysate. For in vitro translation, 200 ng of gel-purified transcript was added to 35 l of rabbit reticulocyte lysate, 20 M methionine-free amino acid mixture, 40 U of RNasin, 20 Ci of translationgrade [ 35 S]methionine, and 4 g of cell extract in a total volume of 50 l for 1 h at 30°C. Oligonucleotides added as decoys were added at a 50-fold molar excess. A 5-l aliquot of the reaction mixture was resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (10% polyacrylamide). The gel was fixed, treated with Amplify (Amersham), and dried, and radiolabeled bands were detected by autoradiography.
Northern blot analysis of Luc RNA. RNA was extracted from in vitro translation reaction mixtures containing rabbit reticulocyte lysate and cytosolic extracts from U937 cells (but not [ 35 S]methionine) with Trizol reagent. RNA was fractionated on 1% agarose-formaldehyde gel and transferred to nytran membranes. The blot was hybridized with a random primer-labeled Luc cDNA probe.
Preparation of chimeric CMV-Luc-Cp 3-UTR constructs. To facilitate transfection experiments, a mammalian expression vector was constructed to contain the cytomegalovirus (CMV) promoter driving Luc upstream of a polylinker site to facilitate insertion of 3Ј-UTR sequences and a bovine growth hormone polyadenylation signal. The Luc ORF was released from pGEM-Luc (Promega) by digestion with BamHI and XhoI. The resulting BamHI-Luc-StuI-XhoI fragment was gel purified and ligated to pcDNA3 that was digested with BamHI and XhoI. The modified pcDNA3-based vector (CMV-HindIII-KpnI-BamHI-Luc-StuIXhoI-XbaI-ApaI) was verified by sequence analysis. For insertion of UTR sequences, DNA fragments corresponding to either the wild-type, 29-nt Cp 3Ј-UTR (78-106) or a UTR variant containing a U87C mutation were made by hybridizing the respective complementary sequence flanked by StuI and ApaI sites. The modified pcDNA3-based vector was digested with StuI and ApaI, gel purified, and ligated with the UTR segments. The resulting clones were verified by sequence analysis.
Transfection of U937 cells with chimeric Luc reporters. To measure translation of chimeric Luc constructs, U937 cells (10 6 cells) were transiently transfected with 15 g of chimeric CMV-firefly Luc-Cp 3Ј-UTR in 0.20 ml of RPMI 1640 medium containing 10 mM HEPES. To monitor transfection efficiency, cells were cotransfected with 0.75 g of CMV-renilla Luc plasmid (CMV-ph RL; Promega). The cells were electroporated (Gene Pulser II; Bio-Rad) at 300 V and 950 F in a 4-mm gap cuvette. Cells were allowed to recover for 24 h in RPMI 1640 medium containing 10% fetal calf serum and then treated with IFN-␥ in medium containing 2% fetal calf serum. Treated cells were washed twice with phosphate-buffered saline, and firefly and renilla Luc activities in cell extracts were measured by chemiluminescence using the Dual Luciferase Reporter assay system (Promega). Firefly Luc activity was normalized to renilla Luc activity used as an internal standard.
RESULTS
Localization of the 3-UTR element required for translational silencing of Cp. To determine the cis-acting element in the Cp 3Ј-UTR required for translational silencing by IFN-␥, we used a strategy in which successively finer deletions were made from both ends. As a starting point, we took advantage VOL. 23, 2003 TRANSLATIONAL SILENCING BY THE GAIT ELEMENT 1511 of our previous report in which 3Ј-UTR segments 1-150 and 51-247 were found to be as effective as the full-length UTR (18) , suggesting that the required element was contained in Cp 3Ј-UTR (51-150) (Fig. 1A) . A synthetic cRNA segment was made and its activity was tested by a competition RNA EMSA using [␣-32 P]UTP-labeled, full-length Cp 3Ј-UTR as probe. As shown previously, incubating the probe with a cytosolic extract from U937 cells treated with IFN-␥ for 24 h caused the appearance of a major RNA-protein complex plus one or more minor complexes ( Fig. 2A) . Extracts from untreated cells or cells treated with IFN-␥ for 8 h did not cause complex formation. Cp 3Ј-UTR (51-150) competed for binding as effectively as the full-length Cp 3Ј-UTR, thus confirming the presence of the cis-acting element ( Fig. 2A) . The specificity of the RNA-protein interaction was shown by the lack of competition by synthetic 15-LOX 3Ј-UTR, a cRNA that is nearly the same size as the full-length Cp 3Ј-UTR and is responsible for translational control of 15-LOX during reticulocyte maturation (28) .
To show that the protein (or complex) that binds Cp 3Ј-UTR (51-150) is also responsible for translational silencing activity, the segment was tested for its ability to act as a decoy and restore translation of a reporter transcript (18) . A capped, chimeric reporter transcript containing Luc upstream of the full-length Cp 3Ј-UTR and a 30-nt stretch of poly(A) tail [LucCp 3Ј-UTR-poly(A)] was made. The reporter was subjected to in vitro translation in a rabbit reticulocyte lysate in the presence of extracts from IFN-␥-treated U937 cells. As reported previously (21) , an extract from cells treated with IFN-␥ for 24 h almost completely blocked translation of Luc-Cp 3Ј-UTRpoly(A), but extracts from untreated cells or cells treated with IFN-␥ for 8 h were inactive (Fig. 2B ). Both the full-length Cp 3Ј-UTR and Cp 3Ј-UTR (51-150) added as decoys to the reticulocyte lysate completely restored translation, confirming the presence of the cis-acting element responsible for silencing activity. As a control for specificity of the UTR, the 15-LOX 3Ј-UTR was shown to be ineffective as a decoy. As a control for target specificity, a cRNA encoding T7 gene 10 was added to each reaction mixture. The expression of the T7 gene 10 product was constant under all conditions, indicating that the inhibitory activity was specific for the Cp 3Ј-UTR-containing chimeric transcript. To test whether Luc cRNA destabilization contributed to decreased Luc protein expression, Luc-Cp 3Ј-UTR-poly(A) was incubated with cell extracts and a reticulocyte lysate as above, and RNA was extracted and subjected to Northern analysis using full-length Luc cDNA as probe. Equal Luc cRNA levels were observed under all experimental conditions, indicating that RNA destabilization is not significant here (Fig. 2C) . We have reported previously a similar stability of Cp mRNA after incubation with a reticulocyte lysate (18) . We conclude that the translational silencing element resides in
FIG. 2. Protein binding to Cp 3Ј-UTR (51-150
). U937 cells were incubated with IFN-␥ (500 U/ml) for 0, 8, or 24 h, and cytosolic extracts were prepared. (A) Protein binding to Cp 3Ј-UTR (51-150) by competitive EMSA. Cell extracts were incubated with 32 P-labeled, full-length Cp 3Ј-UTR. In competition experiments, the extracts were first incubated with a 10-fold molar excess of unlabeled, full-length Cp 3Ј-UTR (Cp 1-247 ), Cp 3Ј-UTR (51-150) (Cp 51-150 ), or the 15-LOX 3Ј-UTR (15-LOX) before addition of the labeled probe. RNA-protein complexes were resolved by electrophoresis on a nondenaturing, 5% polyacrylamide gel and detected by autoradiography. (B) Binding activity of Cp 3Ј-UTR (51-150) used as a decoy to overcome translational silencing. Capped, Luc-Cp 3Ј-UTR-poly(A) cRNA was subjected to in vitro translation in a rabbit reticulocyte lysate containing [ 35 S]methionine and cytosolic extracts from U937 cells treated with IFN-␥ (500 U/ml) for 8 or 24 h. A 50-fold molar excess of Cp 1-247 , Cp 51-150 , or 15-LOX 3Ј-UTR was added as decoy. Capped, T7 gene 10 mRNA was added to each lysate as a loading and specificity control. Newly translated, 35 S-labeled Luc and T7 gene 10 were resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and detected by fluorography. (C) RNA from the reticulocyte lysates was isolated and subjected to Northern analysis using a radiolabeled, Luc cDNA probe (upper panel). rRNA from reticulocyte lysate was detected by UV and used as a loading control (lower panel, image inverted).
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the 3Ј-UTR region between nucleotide positions 51 and 150 ( Fig. 1) . To more precisely localize the cis-acting inhibitor element in the Cp 3Ј-UTR, serial deletions were made in Cp 3Ј-UTR (51-150) , successively removing 10 nt from either the 5Ј or 3Ј terminus. The activity of the synthetic cRNA fragments was tested by competition EMSA. Removal of up to 40 nt from the 3Ј end did not decrease the binding activity of the fragment; however, removal of 50 nt markedly inactivated the resulting fragment (Fig. 3A) . The smallest cRNA that retained activity was Cp 3Ј-UTR . Similarly, deletions from the 5Ј end identified Cp 3Ј-UTR as the smallest fragment retaining competitor activity (Fig. 3B ). An identical pattern of activity was seen when these UTR fragments were used as decoys in the in vitro translation assay; Cp 3Ј-UTR (51-110) (Fig. 4A) and Cp 3Ј-UTR (71-150) (Fig. 4B) were the smallest active fragments of the 3Ј and 5Ј deletions, respectively.
The activity of the UTR fragment containing both the 5Ј and 3Ј deletions, Cp 3Ј-UTR (71-110) , was tested. The 40-nt segment bound a protein complex (Fig. 5A) and was active as a decoy in the in vitro translation assay (Fig. 5B) . To further identify the minimal UTR fragment, deletions were made based on the secondary structure of the Cp 3Ј-UTR predicted by the mfold RNA folding algorithm (11) . This analysis predicted 7-nt and 4-nt unpaired tails at the 5Ј and 3Ј ends of Cp 3Ј-UTR (71-110) , respectively (Fig. 1A) ] . In a competition EMSA, the 29-nt fragment was an effective competitor to the radiolabeled 40-nt probe (Fig.  5A ). The 27-and 25-nt fragments exhibited little competitor activity. The fragments gave similar results when used as decoys in the in vitro translation assay (Fig. 5B) . We conclude that the 29-nt UTR fragment Cp 3Ј-UTR (78-106) is the minimal active sequence and thus represents the IFN-␥-activated inhibitor of translation (GAIT) element.
Analysis of the stem-loop structure of the GAIT element by nucleotide substitution. The mfold algorithm predicted that the GAIT element contained (starting from the termini) a 6-bp proximal stem, an asymmetric bulge with 2-and 4-nt loops, a 3-bp distal stem, and a 5-nt terminal loop (Fig. 6A, structure  1) . A series of nucleotide substitutions were made to confirm and characterize both stems, and activity was tested by competition RNA EMSA. Disruption of the putative 6-bp stem by substitution of three consecutive nucleotides inactivated this fragment, indicating that the region is critical for activity (Fig.  6A, structure 2) . Introduction of compensating substitutions on the other strand of the putative stem completely restored activity (Fig. 6A, structure 3 ). This sequence covariance provides strong experimental evidence for a stem structure. The structure was further tested by switching the two stem nucle- otides closest to the asymmetric bulge (U83A and A101U); the covariant substitution maintained activity and further confirmed the stem structure (Fig. 6A, structure 4) . The distal, 3-bp stem was similarly investigated. The most distal base pair was essential for activity, since a C96A substitution inactivated the fragment (Fig. 6A, structure 5 ). The central G⅐U wobble pair was also essential and was inactivated by a G89U substitution (Fig. 6A, structure 6 ). Covariant substitution that reformed a U⅐G wobble pair restored activity, providing evidence for a stem (Fig. 6A, structure 7) . To test whether the wobble base pair was required for activity, the G⅐U pair was replaced with the Watson-Crick, G⅐C base pair. Surprisingly, this substitution completely inactivated the fragment despite the likely retention (predicted by mfold) of the stem structure (Fig. 6A,  structure 8 ). When the G⅐U was replaced by A⅐U activity was maintained, suggesting that a weak interaction is required (Fig.  6A, structure 9 ). The most proximal base pair was substituted by a covariant replacement of A⅐U for U⅐A. This fragment retained activity, providing additional evidence for the 3-bp stem (Fig. 6A, structure 10) . In summary, these data indicate that both the long, proximal and short, distal stems are required for GAIT element activity. The lengths of the GAIT element stems required for binding activity were examined. We already showed that the removal of the terminal base pair from the 29-nt element generated an inactive 27-nt fragment, suggesting that a 6-bp proximal stem was required for activity (Fig. 5) . We tested whether a shorter stem retained activity if it contained a terminal G⅐C clamp to stabilize the stem. Indeed, a 27-nt fragment terminated with a G⅐C-clamp was active (Fig. 7A, structure 2) . When the terminus was shortened by 2 bp to generate a clamped, 4-bp proximal stem, all activity was lost (Fig. 7A, structure 3) . To evaluate the maximal length of the distal stem, cRNAs containing 4-or 5-bp stems were tested. Insertion of one (Fig. 7A , structure 4) or two (Fig. 7A, structure 5 ) G⅐C base pairs into the distal stem almost completely inactivated the element. Similar inactivation was seen after insertions of one (Fig. 7A, (Fig. 7A, structure 7 ) A⅐U pairs. To determine the minimal stem length required for activity, the G⅐U wobble base pair was deleted, leaving a 2-bp stem (which mfold predicts does not form a stem). This fragment was completely inactive in the competitor assay (Fig. 7A, structure 8 ). This analysis suggests that a proximal stem of at least 6 bp is required (or 5 bp if G⅐C clamped) and that the distal stem must be precisely 3 bp. The latter result is consistent with a requirement of a weak stem for GAIT-binding activity, as suggested by the substitution mutations described above. To determine which loop nucleotides were invariant, each of the loop nucleotides in the 29-nt GAIT element was modified. All substitutions were chosen so that the predicted secondary structure remained unchanged, and activity was tested by competition RNA EMSA. Two of the four nucleotides in the larger portion of the asymmetric bulge were invariant; A84G and U87C substitutions completely inactivated the element (Fig. 8,  nos. 2 and 5) . Substitution of the other nucleotides in this loop did not inhibit the activity of the element (Fig. 8, nos. 3 and 4) . Likewise, replacement of both nucleotides in the smaller loop of the asymmetric bulge (Fig. 8, nos. 11 and 12 ), or any of the 5 nt in the terminal loop (Fig. 8, nos. 6 to 10 ), did not inhibit activity.
The 29-nt GAIT element confers the translational silencing response to a heterologous transcript in vitro and in vivo. We tested whether the 29-nt GAIT element conferred a translational silencing response to a heterologous reporter. We engi- (Fig. 9A) . The transcripts were subjected to in vitro translation by rabbit reticulocyte lysates in the presence of cytosolic extracts from IFN-␥-treated U937 cells. Basal translation (in the absence of extract) of all four constructs was essentially identical (Fig.  9B) . Cytosolic extracts from cells treated with IFN-␥ for 24 h completely inhibited translation of the reporter containing the wild-type, 29-nt GAIT element; however, extracts from untreated cells or cells treated with IFN-␥ for 8 h were ineffective (Fig. 9B) . Specificity was shown by the absence of inhibition of T7 gene 10 cRNA translation. Results for the transcript containing the full-length Cp 3Ј-UTR were essentially identical. The 24-h extract did not inhibit (or barely inhibited) translation of the reporter transcript containing the GAIT element with the U87C loop substitution (or the null reporter transcript). Thus, the GAIT element confers a strong translational silencing response to a heterologous transcript.
We considered the possibility that other elements in the Cp 3Ј-UTR, in addition to the GAIT element, contribute to the effectiveness of the inhibition. Such elements may become apparent only at submaximal levels of translation inhibitor. We titrated the inhibitory cytosolic extract from U937 cells treated with IFN-␥ for 24 h. The susceptibilities of the 29-nt GAIT element and the full-length Cp 3Ј-UTR to translational silencing were essentially identical; half-maximal inhibition of both transcripts was observed at about 0.01 g of extract protein ( Fig. 9C and D) . The transcript containing the GAIT element with the U87C loop substitution was inhibited by about 15% at the highest extract concentration; comparison to the wild-type GAIT element suggests that the mutated element is 3 to 4 orders of magnitude less sensitive to inhibition than the wildtype element. These results indicate that the GAIT element is sufficient by itself to convey maximal translational silencing by IFN-␥ and that other regions of the Cp 3Ј-UTR are not involved.
We tested the translational silencing activity of the GAIT element in vivo in transfected U937 cells. The 3-h half-life of Luc in mammalian cells permits its effective use as a reporter of protein synthesis rate in transfected cells (38) . Chimeras were constructed to contain the CMV promoter driving Luc upstream of the 29-nt GAIT element or the U87C mutant (or a null insert). U937 cells were cotransfected by electroporation with chimeric CMV-Luc and with CMV-renilla to correct for transfection efficiency. After cell recovery, the U937 cells were treated with IFN-␥ for 8 or 24 h. Incubation of cells with IFN-␥ for 24 h (but not 8 h) inhibited expression of Luc containing the wild-type GAIT element by more than 50% compared to untreated control cells (Fig. 10) . Expression of Luc containing the U87C mutant element, or no insert, was not inhibited by IFN-␥. The stability of firefly Luc mRNA in transfected U937 cells was tested by real-time PCR using primers for firefly Luc and glyceraldehyde 3-phosphate dehydrogenase (as a control transcript). Luc mRNA levels were similar in all treatments (data not shown). These findings recapitulate the in vitro results and are consistent with our earlier report of delayed translational silencing of Cp by IFN-␥ in cultured U937 cells (18) . The results clearly demonstrate that the 29-nt GAIT structural element is sufficient for translational silencing both in vitro and in vivo.
DISCUSSION
Fewer than two dozen functional elements in 5Ј-or 3Ј-UTRs have been described in all species (30) . We have described a novel cis-acting element in the 3Ј-UTR involved in selective translational silencing of the Cp transcript. The 29-nt GAIT element is the minimal element required for formation of an RNA-protein complex in IFN-␥-treated U937 cells and for overcoming translational silencing when added as a decoy in an in vitro translation assay. Our results also show that the element by itself [with a poly(A) tail] is sufficient to convey a translational silencing response to a heterologous transcript, both in vitro and in vivo in U937 cells. Mutation analysis shows that the GAIT element exhibits specific structural as well as sequence requirements. Structurally, the element forms a 5-nt terminal loop separated from an asymmetric bulge by a short 3-nt stem. The entire structure is held together by a proximal 6-nt double-helical stem (or a 5-nt stem when G⅐C clamped). Although the secondary structures of only a few UTR elements have been reported, the bipartite stem-loop structure of the GAIT element resembles other elements involved in translational control. For example, the iron-responsive element (IRE) in the 5Ј-UTR of ferritin and 3Ј-UTR of transferrin also contains a distal loop and an asymmetric bulge separated by a double-helical stem (15) . Likewise, the selenocysteine insertion sequence (SECIS) elements required for decoding UGA as selenocysteine also contain proximal and distal loops separated by a stem (8) . Like the GAIT element, both IRE and SECIS elements by themselves convey translational control when ligated to heterologous transcripts. As a contrast, the histone 3Ј-UTR element involved in processing and translation of histone mRNAs is a single stem-loop structure which requires additional 3Ј-UTR elements for activity (3, 6 ).
An unusual structural feature of the element is the very short, 3-bp double-helical distal stem. A functional requirement for the stem was shown by inactivation after disruption of any one of the base pairs and by reactivation after substitutions that restored base pairing. Addition or removal of even a single base pair in the stem inactivated the GAIT element. A stem of this small size has not been described in other RNA control elements; helices generally range from 5 bp in the IRE to 13 bp in the SECIS element. The small size, and the presence of a single G⅐C base pair, suggest that the helix is thermodynamically unstable and may be susceptible to an "induced-fit" conformational change during interaction with regulatory proteins. The importance of a weak helical stem is further underscored by the total inactivation of the element upon substitution of the central G⅐U base pair with the strong Watson-Crick G⅐C pair. In addition to the structural features FIG. 10 . The 29-nt GAIT element confers translational silencing in U937 cells. U937 cells were transfected by electroporation with CMV renilla and constructs containing the CMV promoter driving firefly Luc upstream of the wild-type GAIT element (GAITe), or GAITe with a U87C mutation, or vector lacking a 3Ј-UTR insertion. All constructs contained a bovine growth hormone polyadenylation signal. After allowing cells to recover, they were treated with IFN-␥ (500 U/ml), or with medium alone, for 8 or 24 h. Firefly and renilla Luc activity in extracts was measured by chemiluminescence. Firefly Luc expression was first normalized to renilla Luc expression and then expressed as a percentage compared to untreated control cells. The data shown represent the means and standard errors from five independent experiments.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ of the GAIT element, there is a sequence requirement for the interaction with GAIT. A mutagenesis scan in which every position in the three loop segments was altered showed that only two mutations, A84G and U87C, reduced binding activity. Both mutations are in the larger of the internal asymmetric bulges, and both are located in "shoulder" positions adjacent to double-helical stems. Single substitutions in the distal loop did not alter activity, suggesting that this region is not important in protein recognition. This distinguishes the GAIT element from the IRE, the histone 3Ј-UTR element, and the SECIS element, which all have invariant nucleotides in the distal loop. Our data indicate that the critical region of the element, possibly the site of binding of the GAIT protein or complex, is the region comprising the larger of the internal loops and the short stem. Insertion of the 29-nt GAIT element [with a poly(A) tail] behind the Luc ORF is sufficient to confer translational silencing to the heterologous transcript (Fig. 9 ). This experiment also provides information on the positional specificity required for GAIT element activity. In the Luc construct containing the entire Cp 3Ј-UTR, the 5Ј position of the element is 138 nt downstream of the termination codon, whereas in the construct containing the GAIT element by itself the element is 61 nt from the termination codon (and in Cp mRNA the element is 78 nt from the termination codon). Likewise, in the construct containing the entire Cp 3Ј-UTR the 3Ј position of the element is 149 nt from the poly(A) tail, whereas in the construct containing the GAIT element by itself the element is only 26 nt from the poly(A) tail. The similar sensitivities of the constructs to translational silencing indicate the absence of a rigid positional requirement for the GAIT element with respect to either the termination codon or the poly(A) tail. The latter result is of interest given our previous report that a poly(A) tail is necessary for translational silencing of both endogenous Cp mRNA and also the heterologous Luc transcript (21) . A second conclusion from these experiments is that only the GAIT element is required for optimal silencing, since removal of the remainder of the Cp 3Ј-UTR does not reduce susceptibility to translational inhibition.
A phylogenetic analysis of the species that can translationally silence Cp has not been addressed experimentally. Rat and mouse Cp 3Ј-UTR sequences have been reported, but GAIT elements are not detected by sequence, folding, or pattern analysis (see below). Using reverse transcription-PCR, we cloned and sequenced the Cp 3Ј-UTR from hamster liver, which also lacked the GAIT element. The only other species of Cp mRNA that has been described is from sheep (17) . Sheep Cp 3Ј-UTR contained a sequence homologous to the GAIT element, and folding analysis indicated a similar secondary structure, but without the small 2-nt loop. This sequence was tested by competition EMSA and found to bind human GAIT, but with lower affinity than the human GAIT element (results not shown). We also cloned and sequenced the Cp 3Ј-UTR from baboon liver and found an element nearly identical to the human sequence. The only difference was a single nucleotide in the central position of the short stem where the G⅐U wobble base was replaced with an A⅐U base pair, an alteration that retains GAIT-binding activity (Fig. 6, no. 9 ). From the limited sequence information available, we conclude that the GAIT element is most likely not present in rodent Cp mRNA, but it is present in several other mammalian species, e.g., sheep, baboon, and human. The evolution of the GAIT element is not clear from these limited data; for example, it is not clear whether it evolved early and was lost in rodents, or is a later evolutionary adaptation.
The function of translational silencing of Cp is not known. One obstacle to our understanding is the multifunctional nature of Cp itself. It has important roles in iron metabolism and inflammation, and it may participate in copper transport, nitric oxide metabolism, and defense against oxidant stress (2, 33) . We understand even less about the function of macrophage production of Cp. Its induction by IFN-␥ (and by endotoxin [12] ) suggests a role in host defense, a possibility consistent with previous observations (16, 35) . Our own finding that Cp has a potent prooxidant activity is also consistent with a microbicidal function (25, 26) . Identification of macrophage proteins that are coregulated with Cp may provide a clue to the function of GAIT-mediated translational silencing. Such proteins have not yet been observed, but candidates may be identified by the presence of GAIT elements in their 3Ј-UTR. The PatSearch pattern-matching algorithm (29) was used to search UTRdb (30), a database containing more than 36,000 human 3Ј-UTR entries. For input we gave a pattern consisting of the stems and loops in Fig. 11 (and an alternate structure with a G⅐C-clamped, 5-bp proximal stem). Almost 30 3Ј-UTRs contained this pattern, including death-associated protein kinase, a serine/threonine kinase induced by IFN-␥ in U937 cells (5, 13) , and Mox1, a recently identified NADPH oxidase related to gp91phox (37) . Mox1 is particularly interesting since its superoxide product, like Cp, can cause oxidative damage. One speculative possibility is that translational silencing mediated by the GAIT element contributes to the resolution of inflammation, in particular the local inflammation due to cytokine activation of infiltrating or resident macrophages. The mechanisms of inflammation-termination are just now being clarified, and regulatory events involving translational control may be important (14, 22) . For example, macrophage expression of tumor necro- Relevant to our studies is the finding that IFN-␥ mRNA autoregulates its translation by formation of an RNA pseudoknot (1) . Those authors speculated that long-term activation by IFN-␥ may have adverse consequences on the cellular environment and requires rapid down-regulation. Likewise, we suggest that Cp and other products of macrophage activation by IFN-␥ may have injurious consequences when accumulated in excess and also require rapid down-regulation. Defects in this process may prolong or increase the inflammatory state, an idea consistent with recent evidence that disease-causing defects in noncoding regions of mRNA may not be uncommon and that the 3Ј-UTR in particular may be a pathological hot spot (4, 23) .
